A healthy diet rich in fish, fruit, and vegetables, moderate in alcoholic beverages, and low in dairy products has been associated with lower circulating concentrations of biomarkers of endothelial dysfunction (ED) and low-grade inflammation (LGI). It is, however, unknown how consumption of these food groups affects ED and/or LGI over time. We measured diet by the computer-assisted crosscheck dietary history method at 36 6 0. [20.09 (20.16; 20.02); P = 0.013] and explained 83 and 40% of the association between fish and changes in ED and LGI. In conclusion, fish consumption, but not fruit, vegetable, alcoholic beverage, or dairy product consumption, was associated with decreased ED and LGI in healthy adults.
Introduction
Observational studies have shown that higher concentrations of circulating biomarkers of ED 13 and LGI are associated with incident CVD (1) (2) (3) (4) (5) . vWf, sVCAM-1, sE-selectin, sTM, and sICAM-1 are all synthesized by endothelial cells (6) (7) (8) and CRP, SAA, IL-6, IL-8, TNFa, and sICAM-1 are involved in the inflammatory process (7) . For these reasons, it is plausible to assume that higher circulating concentrations of these markers reflect dysfunction of the endothelium and more inflammatory activity, respectively.
Diet is perhaps the most modifiable CVD risk factor (9), because it has been shown that diets rich in fish, fruit, and vegetables with moderate alcohol and low dairy product consumption are associated with a reduced incidence of CVD (10) (11) (12) (13) (14) . The reduction in CVD associated with such a diet and the fact that ED and LGI play an important role in the etiology of CVD (7) suggest that these food groups may modify the development of CVD through an improvement of ED and LGI (15) .
Indeed, previous studies showed that a healthy diet, including high consumption of fish, fruit, and vegetables and moderate alcohol intake, was associated with lower levels of circulating markers of ED, such as sE-selectin (16, 17) , sICAM-1 (16, 18) , and sVCAM-1 (16) . Furthermore, such a diet was associated with lower levels of circulating markers of LGI, such as CRP (16) (17) (18) , 18) , and sICAM-1 (16, 18) , whereas high-fat dairy product consumption was associated with higher levels of sICAM-1 (18) .
However, these studies relied on cross-sectional data (16) (17) (18) and none reported on food consumption in relation to changes in ED and LGI over time.
In view of these considerations, we hypothesized that a high consumption of fish, fruit, and/or vegetables, a moderate consumption of alcohol, and/or a low consumption of dairy products is associated with a decrease of ED and LGI.
Therefore, we examined the association between the consumption of fish, fruit, vegetables, alcoholic beverages, and dairy products and changes in a panel of 5 circulating biomarkers of ED (vWf, sVCAM-1, sE-selectin, sTM, and sICAM-1) and a panel of 6 circulating biomarkers of LGI (CRP, SAA, IL-6, IL-8, TNFa, and sICAM-1) in a population-based cohort of apparently healthy adults over a 6-y follow-up period.
Methods

Study population. The Amsterdam Growth and Health Longitudinal
Study is a longitudinal cohort study (n = 698) that started in 1976 (details described elsewhere) (19) (20) (21) . Briefly, its initial goal was to study the natural development of the growth, health, and lifestyle of adolescents [age in 1976 (mean 6 SD): 13.1 6 0.8 y] and to investigate longitudinal relationships between biological and lifestyle variables. At each followup measurement, dietary intake and other lifestyle (smoking behavior and daily physical activity), anthropometric (body height, weight, and skinfolds), biological (blood pressure, serum lipoprotein levels, and physical fitness), and psychological variables were assessed (19) (20) (21) . At the 2000 follow-up examination, dietary intake was assessed and blood samples were collected in 373 participants. Circulating biomarkers of ED and LGI were measured in serum or plasma samples from 373 participants who attended the 2000 follow-up examination and again in 301 participants of these 373 participants 6 y later (2006 examination). The current study therefore consisted of 301 participants (161 women) for whom full data on diet [year 2000 (mean age 36.5 6 0.6 y)] and circulating biomarkers [(years 2000 and 2006 (mean age 42.5 6 0.6 y)] were available.
The study was approved by the ethics committee of the VU University Medical Center and all participants gave their written informed consent.
Dietary intake. To assess habitual dietary intake, a computer-assisted crosscheck dietary history method was used that asked participants about their habitual dietary intake over the previous month (22) (23) (24) (25) . For logistical reasons, a less comprehensive dietary assessment method was used in 2006. Therefore, we limited this study to the comprehensive baseline dietary data only. A computer-assisted crosscheck dietary history method was carried out by trained nutritionists by means of faceto-face interviews and used models of cups, glasses, spoons, plates, and bowls for the estimation of portion sizes. Based on the dietary data, we constructed food groups and calculated nutrient intake with the help of the Dutch food composition database from 2006 (26) (Supplemental Appendix).
Associations with fish consumption were further explored on a nutrient level by investigating the nutrient compounds EPA and DHA. Alcohol consumption was analyzed as a food group (alcoholic beverages in L/wk, including beer, wine, and spirits), a nutrient compound (ethanol in g/d), and a lifestyle covariate [categorized into none, low (,median; median = 16.8 g/d), and high consumers ($median)].
Assessment of ED and
LGI. Circulating biomarkers of ED and LGI were determined in blood samples of the participants in the 2000 and 2006 follow-up examinations. Serum biomarkers of ED (sVCAM-1, sE-selectin, sTM, sICAM-1) and LGI (CRP, SAA, IL-6, IL-8, TNFa, and sICAM-1) were assessed by using a multi-array detection system based on electro-chemiluminescence technology (SECTOR Imager 2400, Meso Scale Discovery). In brief, this system uses multi-array plates fitted with multi-electrodes per well with each electrode being coated with a different catching antibody. The assay procedure then follows that of a classic sandwich ELISA with any of the analytes of interest captured on the relevant electrode. These captured analytes were then in turn detected by a secondary analyte-specific ruthenium-conjugated antibody, which is capable of emitting light after electrochemical stimulation. A particular advantage of this system is the ability to simultaneously measure different circulating biomarkers of ED and/or LGI in relatively small (25 or 50 mL) serum samples. In our laboratory, intra-and interassay CV were: sVCAM-1, 3.8 and 6.9%; sE-selectin, 4.1 and 8.6%; sTM, 2.5 and 8.1%; sICAM-1, 2.6 and 6.0%; CRP, 2.3 and 4.3%; SAA, 4.5 and 9.0%; IL-6, 6.3 and 17.5%; IL-8, 6.9 and 7.3%; and TNFa, 5.9 and 12.6%, respectively. We also measured IL-1b using the above system, but levels were below the detection limit in 107 participants (resulting in intra-and inter-assay CV of 20.0 and 32.2%, respectively) and therefore we excluded IL-1b from the present investigation. In addition, a plasma marker of ED (vWf) was determined in citrated plasma by means of ELISA. Briefly, vWf rabbit anti-body was used as a catching antibody and a peroxidase-conjugate rabbit antibody as detecting antibody (27) . Levels were expressed as a percentage of vWf detected in pooled citrated plasma of healthy volunteers. Intra-and interassay CV for vWf were 3.8 and 7.4%, respectively.
Other measurements. We measured weight, height, blood pressure, and serum total, HDL, and LDL cholesterol, and TG concentration; calculated BMI; and obtained information on smoking behavior and daily physical activity, as described in detail elsewhere (19, 28, 29) . In addition, insulin was measured in serum samples by the multi-array detection system as described above. Intra-and inter-assay CV for insulin were 3.5% and 6.3%, respectively.
Statistical analyses. First, we used linear regression analysis to examine the relationship between food consumption at the age of 36 y (2000) and changes in circulating biomarkers of ED and LGI between the ages of 36 (2000) and 42 y (2006). We specifically investigated fish, fruit, vegetable, alcoholic beverage, and dairy product consumption, because these food groups repeatedly have been associated with circulating biomarkers of ED and LGI as part of a healthy diet (16) (17) (18) . In a series of secondary analyses, we repeated the above analyses on a nutrient compound level to further investigate any associations between food groups and changes in concentration of circulating biomarkers of ED and LGI.
For reasons of statistical efficiency and to reduce the influences of the biological variability of each measure (30) , an overall Z-score was determined for both ED and LGI according to predefined clusters of conceptually related circulating biomarkers (2, 30) . The overall Z-scores were calculated as follows: for each individual circulating biomarker, a Z-score was calculated according to the formula: (individual valuepopulation mean)/population SD (with the population mean and SD for each individual circulating biomarker based on its average of the 2000 and 2006 follow-up examinations). The resulting individual circulating biomarker Z-scores were then averaged into the overall Z-score for both ED and LGI. The ED overall Z-score consisted of the circulating biomarkers vWf, sVCAM-1, sE-selectin, sTM, and sICAM-1 and the LGI overall Z-score consisted of the circulating biomarkers CRP, SAA, IL-6, IL-8, TNFa, and sICAM-1 (both monocytes and the endothelium express sICAM-1; therefore, sICAM-1 was included in both overall Z-scores) (6) . The changes in ED or LGI were calculated as the overall Z-score in 2006 minus the overall Z-score in 2000.
First, we investigated the associations between each food group (fish, fruit, vegetables, alcoholic beverages, and dairy products) and the change in overall Z-scores for ED and LGI, adjusted for sex and energy intake (models 1). Second, these associations were further adjusted for lifestyle risk factors [BMI, smoking behavior (yes/no), alcohol consumption (none, low, and high consumers), and physical activity (models 2)], and finally, these associations were additionally adjusted for each of the other food groups (models 3).
To facilitate the interpretation of the changes in Z-scores, individuals were categorized as those who increased (change in Z-score $ 0.3 SD; n = 79 for ED and n = 64 for LGI) compared to those who remained stable or decreased (change in Z-score , 0.3 SD; n = 222 for ED and n = 237 for LGI) over the 6-y follow-up. We then performed logistic regression analyses to directly compare individuals' likelihood of an increased Z-score (vs. stable or decreased) expressed in terms of an OR across tertiles of fish consumption (independent variable).
We investigated whether EPA+DHA intake was associated with ED and/or LGI (nutrient residual method) (31) . In addition, we investigated to what extent the association between fish and ED and/or LGI could be explained by intake of EPA+DHA, because fish is the main source of EPA +DHA (26) and the beneficial effects of fish intake have been attributed to EPA+DHA (32) .
All analyses were performed with SPSS (version 15). Outcome variables with a skewed distribution were log-transformed to meet normality criteria (EPA+DHA intake, CRP, IL-6, and TNFa). We used Student's t or x 2 tests, as appropriate, to compare between individuals with or without (serum and plasma) biomarker data at both moments. Data are presented as mean 6 SD or median (IQR) for skewed variables or as percentages and regression coefficients (b) with their 95% CI. A 2-sided P-value , 0.05 was considered significant.
Results
The study population was young and relatively healthy, as BMI, blood pressure, and cholesterol levels were low ( Table 1) .
The 301 participants in the current study did not differ from those who attended only the 2000 follow-up (n = 72) except for smoking behavior [35% smoked (n = 72) vs. 21% (n = 301); P = 0.02; other data not shown].
Associations between food consumption and changes in ED and LGI. Total fish consumption (per 100 g/wk) was inversely associated with a change in the ED Z-score ( (Fig. 1) .
The above models (1 and 2 only) were then repeated with EPA+DHA intake ( Table 2) . The results showed an inverse association for EPA+DHA intake with changes in the ED Z-score [20.11 (20.16; 20. The associations between fish consumption and the changes in ED and LGI overall Z-scores (Table 3 , model 1) were attenuated by 83 and 40% when further adjusted for EPA and DHA, respectively (Table 3 , model 2). This indicates that the associations between fish consumption and the changes in ED and LGI overall Z-scores were explained, to a considerable extent, by the intake of EPA and DHA
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Additional analyses. The results were not materially altered when we additionally adjusted the models for age, serum insulin level, or intakes of vitamin C, E, and b-carotene (data not shown).
We repeated the analyses with either fat fish or lean fish consumption. The results showed that fat fish consumption (per 100 g/wk) was inversely associated with a change in the ED Z-score [20.11 (20.19; 20. When we then forced fat and lean fish consumption into one model, the results showed that fat and lean fish did not differ from one another in the magnitude of their associations with either ED (P = 0.33) or LGI (P = 0.26).
Analyses of the associations between total fish consumption and the individual elements of the ED and LGI Z-scores showed that total fish consumption was inversely associated with changes in all individual circulating biomarkers (higher scores associated with greater risk of incident CVD), with significant changes for vWf (P , 0.001) and sTM (P = 0.034) (Fig. 2) .
Analyses of the associations between EPA+DHA intake and the individual elements of the ED and LGI Z-scores showed that EPA+DHA intake was inversely associated with changes in all individual circulating biomarkers (higher levels associated with more CVD), with significant changes for vWf (P = 0.017), sTM (P , 0.001), sVCAM-1 (P = 0.004), sE-selectin (P = 0.038), and IL-8 (P = 0.018) (Fig. 2) .
When we replaced the changes in individual circulating biomarker Z-scores by absolute changes in individual circulating biomarkers and repeated the analyses, the results were similar (data not shown).
We used interaction terms to explore whether associations differed by sex or smoking behavior. We found significant interaction terms for sex between fish consumption (as well as for EPA+DHA) and the change in the overall ED Z-score (P-interaction = 0.02 and 0.01, respectively) and for smoking between fish consumption and the change in the LGI Z-score (P-interaction = 0.02). Stratified results showed a stronger association between fish consumption (as well as for EPA+DHA) and changes in the overall ED Z-score in women compared to men (Supplemental Table 2 ) and a stronger association between fish consumption and changes in the LGI overall Z-score in nonsmokers compared to smokers (Supplemental Table 3 ).
Discussion
The present investigation is the first to our knowledge to evaluate, in apparently healthy adults, the relationship between the consumption of fish, fruit, vegetables, alcoholic beverages, and dairy products and the changes in an extensive array of serum or plasma biomarkers of both ED and LGI. The study had 3 main findings. First, fish consumption was associated with decreased ED and LGI independent of lifestyle risk factors and other food groups. Second, the combined nutrient compounds EPA and DHA were associated with decreased ED and LGI independent of lifestyle risk factors and other nutrients. Finally, the combined nutrient compounds EPA and DHA explained 83% of decreased ED and 40% of decreased LGI associated with greater fish consumption.
The present prospective investigation expands previous knowledge on the relationship between food intake and circulating biomarkers of ED and LGI, as previous studies were crosssectional by design, investigated fewer circulating biomarkers, and/or dealt with middle-aged to elderly individuals only (16) (17) (18) . Nevertheless, on aggregate, previous studies (16) (17) (18) showed that diet scores including high consumption of fish, fruit and vegetables, and with moderate alcohol intake were associated with lower serum levels of (individual) markers of ED, such as sEselectin (16, 17) , sICAM-1 (16, 18) , and sVCAM-1 (16) and lower serum levels of (individual) markers of LGI, such as CRP (16) (17) (18) , 18) , and sICAM-1 (16, 18) , whereas high-fat dairy product consumption was associated with higher serum levels of sICAM-1 (18) . Importantly, observational studies have shown that higher concentrations of these circulating biomarkers of ED and LGI are associated with greater risk of incident CVD (1) (2) (3) (4) (5) . In addition to the above, the current results provide evidence that Z-scores (in SD) over a 6-y period per 100 g/wk of fish consumption or per one unit increase in energy adjusted EPA+DHA intake, n = 301. 2 EPA+DHA represent the energy adjusted combined intake of EPA and DHA. 3 Model 1 adjusted for sex and energy intake. 4 Model 2 additionally adjusted for BMI, smoking behavior, alcohol (categories), and physical activity. 5 Model 3 for total fish additionally adjusted for fruit, vegetables, alcoholic beverages, and dairy products. 6 Model 3 for EPA+DHA additionally adjusted for protein, carbohydrate, dietary cholesterol, alcohol (nutrient), and a-linolenic acid.
FIGURE 1
Associations between fish consumption and increased circulating biomarkers of endothelial dysfunction and low-grade inflammation in healthy adults. Results are adjusted for sex, energy intake, BMI, smoking behavior, alcohol categories, physical activity, fruit, vegetables, alcoholic beverages, and dairy consumption.
diet, and in particular fish consumption, affects serum and/or plasma biomarkers of ED and LGI. We show that individuals who consume no fish have greater odds to increased (worse) ED and
LGI scores during a 6-y follow-up period compared with individuals who consume fish (Fig. 1 ). Taken together, these studies (16) (17) (18) and the present support the hypothesis that a diet rich in fish may influence the development of CVD by modulating ED and LGI. When we analyzed fat and lean fish separately, fat fish consumption seemed more strongly associated with decreased ED and LGI compared to lean fish consumption. When we further tested (between fat and lean fish) whether the strength of these associations differed from one another, we found that they did not statistically differ (P = 0.33 and P = 0.26, respectively). The present investigation, therefore, does not support the concept that fat compared to lean fish consumption is more important with regard to a decrease of ED and LGI, despite the fact that fat fish contains a greater EPA and DHA content (26) .
EPA and DHA may modify ED and LGI through altered cell membrane stability, endothelial nitric oxide synthase activity, and PG synthesis (33, 34) . Additionally, EPA and DHA may modify LGI through the inhibition of intracellular inflammatory signaling pathways and the reduction of oxidative stress (34) . The present results showed that indeed, on a nutrient compound level, EPA and DHA were associated with decreased ED and LGI. EPA and DHA explained 83% of the associations between fish consumption and the change in ED and 40% of the association between fish consumption and the change in LGI.
The association between fish consumption and changes in ED was stronger in women compared to men and the association between fish consumption and a change in LGI was stronger in nonsmokers than in smokers. The present investigation can neither explain these observations nor exclude the play of chance. Therefore, these exploratory results should be interpreted with caution and serve merely as hypothesis generating for future studies.
Because diet is an important determinant of insulin resistance and insulin resistance itself is associated with elevated concentrations of serum or plasma markers of ED and LGI (2, 3, 30) , we additionally adjusted the results for serum insulin. This did not materially change our results. The above suggests that fish consumption is associated with changes in ED and LGI independent of insulin resistance.
We determined an overall Z-score for both ED and LGI, according to predefined clusters of conceptually related circulating biomarkers. The use of overall Z-scores is statistically efficient, because this approach reduces the number of associations that need to be (statistically) explored and thus reduces the chance of spurious findings. In addition, the use of Z-scores reduces the influences of biological variability of each measure and the sum of conceptually related circulating biomarkers yields more information than each individual circulating biomarker alone (Fig. 2) . Values are regression coefficients (b) that represent the change in ED and LGI Z-scores (in SD) over a 6-y period per 100 g/wk of fish consumption, n = 301. 2 Models adjusted for sex, energy intake, BMI, smoking behavior, alcohol (categories), physical activity, fruit, vegetables, alcoholic beverages, and dairy products. 3 The model for total fish additionally adjusted for EPA+DHA intake, which represents the energy adjusted combined intake of EPA and DHA. 4 The extent of ''mediation'' expressed in the percentage of change in the regression coefficient after additional adjustment for EPA+DHA FIGURE 2 Fish consumption (A) and EPA+DHA intake (B) in healthy adults are associated with decreased circulating biomarkers of endothelial dysfunction (ED) and low-grade inflammation (LGI) over a 6-year follow-up. Although we hypothesized that a high consumption of fruit and/or vegetables, a moderate consumption of alcohol, and/or a low consumption of diary were associated with a decrease of ED and LGI (10-14), we did not observe any associations between the consumptions of these food groups and changes in ED or LGI. When we reanalyzed the data cross-sectionally to facilitate comparison with previous cross-sectional studies (10) (11) (12) (13) (14) (35) (36) (37) (38) we found that the participants in this cohort that consumed more fruit, vegetables and alcoholic beverages had lower circulating levels of biomarkers of ED and LGI [statistically significant for the association between vegetable consumption and ED (data not shown)]. In the current data set, we cannot exclude that the variation between persons in the consumption of fruit, vegetables, alcoholic beverages, and dairy products was too small to reveal any associations or alternatively that effects of these food groups may only be seen later in life. In addition, the nature of the study population, which consisted of healthy adults, could have led to an underestimation of the associations, because effects of food groups on changes in ED and LGI are most likely small at this age.
The present investigation had some limitations. First, our findings were confined to participants attending the 2000 and 2006 follow-up examinations in whom complete data on circulating biomarkers could be assessed. Selection could have biased our findings if persons refused further participation (at any time point during the 30-y study period) based on the association between fish consumption (at the age of 36 y) and changes in ED and LGI (between the ages of 36 and 42 y), a scenario that we consider highly unlikely. Second, intrinsic to an overall Z-score is the assumption that each circulating biomarker in the Z-score carries similar weight. Consequently, this approach may not optimally reflect pathophysiology, because it is unknown if the relationship between food intake and circulating biomarkers as a proxy for CVD is similar for each circulating biomarker. Third, we cannot fully exclude that other forms of behavior that favor health might have affected our findings, although the present results remained unchanged after additional adjustment for BMI, smoking behavior, physical activity, alcohol consumption, other food groups or nutrients, serum insulin concentrations, and dietary vitamins. Fourth, extensive dietary data on food group level were available in 2000 only. Recent data from the EPIC-Heidelberg cohort have shown that dietary data assessed only once can be used as a longterm exposure variable to investigate diet and disease associations, because dietary habits remain stable over the 3rd and 4th decades of life (39) . It is therefore unlikely that the present results have been influenced by the assessment of diet in 2000 only. Nevertheless, 2 dietary measurements to assess an individual's diet would have provided a more accurate dietary classification. Consequently, we cannot fully exclude that measuring food intake in 2000 only might have led us to underestimate the relationship between food intake and ED and LGI (39) . Fifth, no data on the female hormonal cycle were available and therefore we were unable to investigate whether this cycle played a role in the associations between food consumption and changes in ED or LGI. Finally, the present investigation was limited to the consumption of food groups and primarily macronutrients and did not concentrate upon, e.g., polyphenols and flavonoids, which have recently attracted attention because these micronutrients have been shown to affect ED (34) (35) (36) (37) (38) .
In conclusion, in young, apparently healthy adults, the consumption of fish but not fruit, vegetables, alcoholic beverages, or dairy products is associated with decreased ED and LGI during a 6-y follow-up. This suggests that fish consumption may affect the development of CVD through modification of ED and LGI.
